Abstract There is growing evidence that not only the total amount of fat, but also the distribution of body fat determines risks for metabolic and cardiovascular disease. Developmental studies on factors influencing body fat distribution have been hampered by a lack of appropriate techniques for measuring intraabdominal fat in early life. Sonography, which is an established method for assessing abdominal fat distribution in adults, has not yet been evaluated in infants. To adapt the sonographic measurement of abdominal fat distribution to infants and study its reliability. The Generation R study, a population-based prospective cohort study. We included 212 one-and 227 two-year old Dutch infants in the present analysis. Sixty-two infants underwent replicate measurements to assess reproducibility. We developed a standardized protocol to measure the thickness of (1) subcutaneous and (2) preperitoneal fat in the upper abdomen of infants. To this end we defined infancy specific measurement areas to quantify fat thickness. Reproducibility of fat measurements was good to excellent with intraclass correlation coefficients of 0.93-0.97 for intra-observer agreement and of 0.89-0.95 for inter-observer agreement. We observed a pronounced increase in preperitoneal fat thickness in the second year of life while subcutaneous fat thickness increased only slightly, resulting in an altered body fat distribution. Gender did not significantly influence fat distribution in the first two years of life. Our age specific protocol for the sonographic measurement of central subcutaneous and preperitoneal fat is a reproducible method that can be instrumental for investigating fat distribution in early life.
Introduction
The prevalence of obesity has been steadily increasing worldwide during the last decades [1] . Obesity is associated with metabolic disturbances, including insulin resistance and type II diabetes mellitus, as well as cardiovascular disease in adults [1] . Several studies have shown that visceral adiposity poses a higher risk for developing obesity related disorders than overall adiposity, suggesting the particular role of intraabdominal fat in metabolic and cardiovascular disease [2] [3] [4] [5] . The mechanisms that account for the association between intraabdominal fat and disease as well as factors and critical time periods influencing the development of intraabdominal fat remain controversial. To develop prevention strategies, systematic investigations on fat development and factors influencing fat distribution throughout life are required. Research on fat distribution has been hampered by a lack of appropriate methods that can be applied to all age groups and as a consequence longitudinal studies on the development of intraabdominal fat throughout childhood have not yet been undertaken.
The most accurate and reproducible techniques for abdominal fat distribution in adults are a computed tomography CT scan [6] , which necessitates radiation exposure, or abdominal magnetic resonance imaging MRI [7] , which is cost-intensive and prone to movement artefacts in infants, because extended scanning times are required. Thus, both techniques are of limited use for pediatric investigations, especially when repeated measurements are involved.
Simpler methods for estimating abdominal adiposity as waist circumference, waist hip ratio or skinfold thickness do not directly quantify abdominal fat compartments or may be unrelated to visceral fat in infants or young children [8, 9] .
Sonography is an easy accessible and non-invasive method, which is particularly useful for investigations in children. Different methods for estimating intraabdominal adipose tissue with sonography have been established in adults [10] [11] [12] . Suzuki et al. [12] estimated abdominal fat distribution by measuring preperitoneal fat thickness and relating it to subcutaneous fat thickness, both measured in the upper abdomen. The so called abdominal wall fat index has been shown to be strongly correlated with CT measurements of abdominal fat distribution in adults. Beyond, both preperitoneal fat thickness and abdominal wall fat index have been identified as risk factors for cardiovascular disease, insulin resistance or type II diabetes independent of generalized obesity in adults [11] [12] [13] [14] [15] [16] . However, in children data on the sonographic estimation of abdominal fat compartments is sparse and restricted to older children [17] .
The aim of the present study was (1) to adapt the sonographic assessment of abdominal fat distribution via measurement of preperitoneal and subcutaneous fat to infants, (2) to study reliability of this method, (3) and to characterize how the results of this measurement method relate to anthropometric measures as well as age and sex.
Methods

Study population
The study was embedded in the Generation R Study, a population-based prospective cohort study, designed to study growth, development and health from fetal life until young adulthood. Rationale and design of the Generation R study have been described elsewhere in detail [18, 19] [12] . The infants were in a supine position. A linear transducer was placed perpendicular to the skin surface on the median upper abdomen. Great care was taken not to apply any pressure on the abdominal wall in order to avoid compression the tissue layers. We scanned longitudinally from the xiphoid process to the navel along the midline (linea alba). We took three ultrasound pictures just below the xiphoid process. The change in slope of the different layers to-as much as possible-parallel layers served as the apical reference point to measure (Fig. 1 ). All measurements were performed off-line. Preperitoneal fat was measured as 1. Distance of the linea alba to the peritoneum on top of the liver (PP-distance) and 2. Areas of 1 and 2 cm length along the midline, starting from the reference point in direction of the navel (PP-area-1, PP-area-2). Subcutaneous fat was measured as 1. Distance of the inner surface of subcutaneous tissue to the linea alba (SC-distance) and 2. Areas of 1 and 2 cm length along the midline starting from the reference point in direction of the navel (SCarea-1, SC-area-2). Ratios of preperitoneal fat and subcutaneous fat were measured as (a) PP/SC-distance, (b) PP/SC-area-1 and (c) PP/SC-area-2. All pictures were taken when children were relaxed and showed no or little movements. As the breathing phase and breathing intensity could not be completely standardized in infants of that young age pictures were taken when tissue layers were as much as possible parallel in preperitoneal measurements (end of inspiration). We chose the optimal image for measurements according to plane of section closest to midline cut and, again, the parallelism of the fat layers. All pictures were taken by two well trained examiners (SH, VK).
Reproducibility
To assess intra-observer agreement one single examiner (SH) took all pictures twice in a single patient as described above. Pictures were taken at the same occasion; all measurements were performed off-line with a minimum time interval of 1 week in between measurements-and blind for the results of the respective first measurements-by the same investigator (SH).
To assess inter-observer agreement two examiners (SH, VK) took pictures at the same occasion, but blind for the results of the other examiner. All off-line measurements were performed by the same examiner (SH) with a minimum interval time of 1 week between measurements.
Statistical analysis
Relations between variables were assessed by correlations (Spearman's rho). As the distributions of all measures of fat thickness as well as the derived ratios were skewed we log transformed them to obtain normal distributions for analysis. We also computed age and gender adjusted SD scores for BMI based on Dutch reference values [20, 21] . To assess the effect of sex and age on measures of fat thickness independent of differences in height and weight we compared geometric means with analysis of covariance. Intra-and inter-observer agreements were examined using intraclass correlation coefficients (ICC) and their 95% confidence intervals. An ICC of 1 indicates that all of the observed variation is caused by between subject variations. A p-value of less than 0.05 was regarded as significant. All data were analyzed using the SPSS statistical package (SPSS Inc.Ò, Chicago, IL Version 15 for Windows).
Results
Characteristics of the study population
Maternal, neonatal and postnatal characteristics of the 439 individuals included in the analysis are given in Table 1 . BMI SD scores-an age and sex adjusted measure of obesity-did not differ significantly between 1 and 2 years old infants in our study population. Compared to the Dutch national reference values infants in this study had lower BMI (BMI SD score in 1 year old infants -0.2 SD 0.9, in 2 years old infants -0.3 SD 1.0) [20, 21] . Only 7% of 1 year and 11% of 2 year-old infants of our study population were classified as at risk for overweight or overweight, defined as at or above the 85th percentile for age and sex of the Dutch reference values [22] . Infants of 1 and 2 years did not differ with regard to maternal BMI, duration of breastfeeding or parity, all factors that may influence body composition and fat distribution.
Sonographic assessment of preperitoneal and subcutaneous fat
The anatomy of preperitoneal fat in 1 and 2 years old infants showed a significant inter-subject variation and differed from the layout of these structures in adults (Fig. 2) . In particular preperitoneal fat layers were extremely thin in some of the infants. To optimize precision and accuracy of our technique and to allow for age specific differences in anatomy, we therefore not only measured the thickness as distance between upper and lower border of the respective fat layer, but introduced areas of preperitoneal and subcutaneous fat ( Fig. 1) as a measure of thickness of fat layers.
Performance of the technique
Correlations between measures of preperitoneal and subcutaneous fat Measurements of (1) distance, (2) area of 1 cm length (area 1) and (3) area of 2 cm length (area 2) as alternative measurements to assess preperitoneal and subcutaneous fat thickness, were highly correlated among each other (Spearman's rho PP-area-1/PP-distance r = 0.86, PP-area-2/PP-distance r = 0.81, PP-area-1/PP-area-2 r = 0.97, SCarea-1/SC-distance r = 0.93, SC-area-2/SC-distance r = 0.92, SC area 1SC-area-1/SC-area-2 r = 0.99). Age or sex did not substantially influence the strength of the respective associations.
Intra-and inter-observer agreement of measures of abdominal fat thickness Table 2 summarizes ICC on intra-and inter-observer agreement for all measurements of fat and their respective derived ratios. Intra-observer agreement was good to excellent for all measures of preperitoneal and subcutaneous fat with ICC ranging from 0.89 (PP-distance) to 0.97 (SC-area-1, SC-area-2). Inter-observer agreement, which in the current study only refers to taking the ultrasound images, showed comparable results with ICC ranging from 0.90 (SC-distance) to 0.96 (SC-area-1). Area measurements had a slightly better reproducibility than measures of distance. Investigations were particularly difficult in 1 year old infants due to the relatively thin fat layers and frequent non compliance/restlessness of infants. We therefore also investigated agreement exclusively in the 14 months old infants. Here intra-and interobserver agreement were lower compared to the whole group with ICC ranging from 0.78 (PP-area-2) to 0.97 (SC-area-2).
Correlations between measures of preperitoneal and subcutaneous fat
Measures of preperitoneal fat were only weakly correlated with corresponding measures of subcutaneous fat (Spearman's rho PP area, SC area in 1 year old infants r = 0.31, 2 years r = 0.38, P \ 0.001) indicating individual variation in abdominal fat distribution. In line with this finding, the distribution of ratios of preperitoneal to subcutaneous fat was broad (Ratio PP/SC-area-2 range 0.17-2.43). Strength of association was not substantially altered by age group or sex. All results for PP-area-2 and SC-area-2 were comparable to the respective area 1 and distance measures of preperitoneal and subcutaneous fat thickness (data not shown).
Correlation of measures of preperitoneal and subcutaneous fat with BMI
To compare the sonographic measurements of abdominal fat compartments with BMI-an established parameter for the assessment obesity-we assessed correlations between BMI and sonographic measurements. As shown in Fig. 3 , BMI was only moderately correlated with measures of subcutaneous fat thickness (Spearman's rank correlation BMI, SC-area-2 r = 0.41, P \ 0.01). We did not find a correlation between BMI and measures of preperitoneal fat (Spearman's rank correlation BMI, PP-area-2 r = -0.012).
As a consequence BMI was inversely related to measures of abdominal fat distribution as assessed by ratio PP-area-2/ SC-area-2 r = -0.36, P \ 0.01). Thus, the higher the BMI the more the fat distribution changed towards subcutaneous abdominal fat. Results were comparable in 1 and 2 years old infants and between sexes. All results for PP-area-2 and SC-area-2 were comparable to the other measures of preperitoneal and subcutaneous fat thickness (data not shown).
Effect of sex
It is well established in adults that sex influences fat distribution with males being more prone to intraabdominal fat accumulation. We therefore examined the influence of sex on thickness of preperitoneal and subcutaneous fat as well as on abdominal fat distribution at the age of 1 and 2 years, respectively. Girls had more subcutaneous fat than boys; the preperitoneal to subcutaneous fat ratio did not differ significantly between boys and girls (geometric mean (CI95%) for PP-area-2: 29. Fig. 4 ). Both unadjusted and adjusted ratios of preperitoneal to subcutaneous fat did not differ significantly between sexes (geometric mean (CI95%) for ratio area-2 0.69 (0.65; 0.72) in males versus 0.66 (0.52; 0.70) in females, P = 0.33). All results for PP-area-2 and SC-area-2 are comparable to the other measures of preperitoneal and subcutaneous fat thickness (data not shown).
Effect of age
During the second year of life we found a pronounced increase of 45% in preperitoneal fat thickness, while Fig. 5 ).
Comparing the alternative measurements of thickness we found that the difference in preperitoneal fat was largest in the area 2 measurements (Table 3 ). The area 2 measurement reflects the developmental change in shape of the preperitoneal fat layer, which transforms from a structure in which the preperitoneal fat layer tapers out at the distal end, to a layer of more constant thickness (Fig. 2) .
Discussion
We describe a sonographic method for quantifying abdominal subcutaneous and preperitoneal fat compartments in infancy. This methodology can be instrumental for investigating abdominal fat development from early life on and will allow examining factors and critical time periods influencing abdominal fat acquisition and distribution in more detail. Most of the data relating to adipose tissue content in infancy are derived from indirect methods [23] . These methods are unable to distinguish between abdominal fat components or exclusively estimate subcutaneous fat. Moreover, indirect measures of body composition such as BMI and waist circumference are influenced by confounding factors that differ throughout development, which limit the value of these measures in longitudinal studies.
Our protocol for the sonographic assessment of abdominal fat compartments can be applied to infants with relative ease. As the measurement of preperitoneal and subcutaneous fat distribution has been validated in adults and has already been applied to older children [12, 17] sonographic methods now allow assessment of fat distribution throughout life.
The reproducibility of our method was good to excellent. Potential complications are first that the anatomy of the preperitoneal fat layers is heterogeneous in infants, second that fat layers are very thin in part of the 1 and 2 years old infants and third that the measurements can be distorted by movement artefacts, which complicates the standardization of the technique in infants. Training and experience of the investigators are therefore of critical importance for optimal performance of the technique. We advise to perform joint measurements with all investigators involved to standardize the selection of images for measurements. Measurements should routinely be compared across investigators and over time.
We introduced area measurements and compared them to distance measurements for estimating preperitoneal and subcutaneous fat thickness. Strong correlations between different measurements of the respective fat layer argue that measurements of distance and areas of different length could be used interchangeably. However, ratios of preperitoneal to subcutaneous fat thickness differed considerably (for details, see Table 3 ) and the increase in preperitoneal fat in the second year of life was largest in area measurement of two centimeter length (PP-area-2). Based on our experience, we interpret these results to reflect age-dependent changes in shape of the preperitoneal fat layer. The increase of preperitoneal fat in the second year of life is also conspicuous if one simply visually inspects the raw sonographic images of the fat layers. The measurement of two-dimensional areas rather than the mere assessment of the one dimensional thickness of fat layer as done in adults by using the abdominal wall fat index [12] captures this increase in preperitoneal fat in the second year of life effectively. A further advantage of area measurements over simple distance measurements is their slightly better reproducibility as found in our study. Based on our results we propose area measurements of 2 cm length to assess preperitoneal and subcutaneous fat thickness in infancy. To definitely valuate the different sonographic measurements, age specific validation with MRI or CT scan needs to be performed.
Alternative sonographic techniques for estimating visceral fat have been developed in adults [10, 11, 24] . Additionally to the method described here, we assessed visceral fat by measuring the intraabdominal diameter as established by Armellini et al. [10] in the 1 and 2 year old infants (data not shown). In our hands the results of this measurement technique were strongly confounded by factors such as air distension, stooling pattern and compliance of the infants.
To our knowledge direct assessment of age dependent characteristics in abdominal fat distribution have not previously been investigated within the first years of life in a population based prospective study. Only few studies directly assessed abdominal fat compartments and were often restricted to older and special patient groups, primarily obese children and adolescents [25] [26] [27] . We observed a substantial increase in preperitoneal fat thickness in the second year of life, whereas subcutaneous fat thickness hardly increased. The observed changes result in a shift in abdominal fat distribution towards more preperitoneal fat during the second year of life. These observations are in line with MRI data showing that in the first months of life approximately 90% of body fat is located subcutaneously [28] . Longitudinal studies are needed to identify factors influencing abdominal fat acquisition in infancy and investigate whether differences in fat distribution observed in infancy persist throughout childhood. After adjusting for weight and height, girls had both thicker layers of preperitoneal and subcutaneous fat than boys of the same age. These results are similar to observations in prepubescent children [9] , but deviate from findings in adults, where males consistently have larger amounts of visceral fat than females [2, 29, 30, 31] . It has been suggested, that hormonal changes during puberty account for these findings [32] . Furthermore relative fat mass and subcutaneous fat have been reported to be higher in females than males from the first year of life on [2, 29, 30, 33] .
Within the first 2 years of life, abdominal subcutaneous fat thickness was only moderately associated with body mass index; preperitoneal fat was virtually unrelated to BMI. As a consequence, the larger the BMI the more the intraabdominal fat ratio shifted towards subcutaneous fat. Similar observations have been reported in studies on fat distribution in adults [31, 34] . In children results are heterogeneous: Some studies suggested that visceral fat increases in proportion to overall fatness [9] , whereas others have shown that obese children tend to accumulate subcutaneous and not visceral fat [30] . Interestingly in small for gestational age newborns, Harrington et al. [35] reported that only subcutaneous fat but not intraabdominal fat was reduced. The relation of BMI with preperitoneal fat amount and fat distribution may differ throughout growth. Long-term observations have to address age and weight dependent effects in more detail. Beyond, these results suggest that for clinical use it may be misleading to focus on fat distribution rather than on total amounts of fat, if BMI as a parameter of obesity is not taken into account.
Limitations of our study include that we did not measure the total amount of intraabdominal fat, but quantified preperitoneal fat layer as an estimate for intraabdominal or visceral fat. So far, data are lacking to what extent preperitoneal fat correlates with quantities of visceral fat in infants and how stable this association is throughout life. Suzuki et al. showed that the abdominal wall fat index is strongly correlated with a corresponding ratio of visceral to subcutaneous fat measured by CT scan in adults [12] . Moreover, in both, children and adults, preperitoneal fat has been shown to be associated with metabolic and cardiovascular risk factors or disease [11, 16, 17, 34, 36] . The present study was restricted to infants of Dutch ethnicity and cannot be generalized to other ethnic groups, since ethnicity has been shown to be associated with body fat distribution [37, 38] . The study population consisted of healthy infants in the normal BMI range, obesity as well as low birth weight or prematurity were rare.
Here we describe a protocol for the sonographic assessment of central subcutaneous and preperitoneal fat. We show that the method can be applied-with a high degree of reproducibility-for investigating the regional fat distribution in 1 and 2 year old infants. We therefore expect that this methodology will help elucidating how fat distribution in early life determines risk factors for associated disease.
